Both total N-acetylaspartate relative to total creatinine (tNAA/tCr) concentration ratio and T1 lesion volume were found to be robustly associated with disability levels with different statistical approaches. Gray matter (GM) volume was found to be a more consistent parameter than white matter (WM) volume for disability allocation. The elastic net algorithm showed a trade-off between WM and GM volumes for disability estimation when different disability definitions were used.
Introduction
Conventional MRI techniques, such as gadolinium-enhanced T1-weighted (T1W) and T2-weighted (T2W) MRIs, are sensitive indicators of disease activity but do not necessarily provide information about disease pathology or progression. 1, 2 Correlations between conventional imaging measures and neurological disability measured by the Expanded Disability Status Scale
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(EDSS) 3 and between imaging and relapse rates 4 have also been modest and variable (ie, the "clinico-radiological paradox"). 5, 6 This may reflect the poor pathological specificity of conventional MR images, in that the T2W lesion volume "burden of disease" measure does not differentiate between edema, demyelination, axonal loss, and gliosis within apparently normalappearing white matter (WM). 6, 7 Additionally, significant
• C 2016 The Authors. Journal of Neuroimaging published by Wiley Periodicals, Inc. on behalf of American Society of Neuroimaging neurologic deficits can reflect undetected lesions in the spinal cord, pyramidal tract, or optic nerve, while a large subcortical lesion may be asymptomatic. 8 Nonconventional MRI techniques, including magnetization transfer imaging (MT-MRI), proton magnetic resonance spectroscopy ( 1 H-MRS), and diffusion tensor imaging (DTI), are increasingly being used to improve the qualitative and quantitative specificity of MR images. These techniques are more sensitive to changes in gray matter (GM), which may be more closely associated with neurologic disability than WM changes, 9 and these newer techniques can identify specific aspects of brain tissue injury. However, even with more specific techniques, the current consensus is that a single MRI measure may not completely reflect the disease state and progression in relapsingremitting multiple sclerosis (RRMS); 10 combining MRI measures of MS-related tissue damage could better elucidate relationships between clinically evident disability and pathologic changes in the central nervous system.
Glatiramer acetate (GA; Copaxone R , Teva Neuroscience, North Wales, PA) is an immunomodulating drug approved for the treatment of RRMS in several countries. 11 This study explores potential correlations between MRI measures of disease and disability progression measured by EDSS and Functional Systems (FS) scores in a unique cohort of patients with MS who have been closely monitored and treated with GA for over 20 years. In addition, the study provides a real-world perspective on outcomes for patients who are receiving long-term treatment. The placebo-controlled US GA trial (GA-9001) 12 and its open-label extension (GA-9004) 13 constitute the longest prospective study of continuous disease-modifying monotherapy in RRMS.
In July 2012, patients who continued to receive subcutaneous (s.c.) GA 20 mg/mL daily (GA20) on study as their only disease-modifying therapy (DMT) were invited to participate in a one-time, cross-sectional MRI substudy. We report the results for the 39 patients who had a 1 H-MRS assessment at 20 years of treatment. MRS data, specifically tNAA/tCr concentration ratio, may be used to characterize metabolic injury that accumulates as a result of neuronal/axonal dysfunction or loss and can be reliably used to estimate clinical disability levels. MRS data in patients followed for two decades may provide long-term metrics of tissue loss, including GM.
Methods
All patients provided written informed consent before participating in the MRI substudy. The study protocol was approved by appropriate local Ethics Committees/Institutional Review Boards and conducted in accordance with the Declaration of Helsinki and International Conference on Harmonization.
Patients
To enter the 36-month, double-blind GA-9001 study, patients must have met Poser criteria 14 for MS diagnosis, had an EDSS score between 0 and 5, and had at least two relapses in the 2 years before study randomization. Inclusion in the GA-9004 open-label extension study required completion of the GA-9001 study. In GA-9004, patients who were originally randomly assigned to receive GA20 continued on treatment, while those randomized to receive placebo switched to GA20 for the duration of the study.
Participants who continued in GA-9004 in July 2012 were invited to participate in this one-time, multicenter, US, openlabel, cross-sectional MRI substudy, timed to coincide with the prospectively planned 20-year clinical exam.
Disability Assessments
In GA-9004, EDSS was initially measured every 6 months until year 13, after which EDSS was assessed at 12-month intervals. For this MRI substudy, EDSS, FS (pyramidal, sensory, mental, cerebellar, brainstem, bladder/bowel, visual), and ambulation index (AI) scores collected nearest to the date of the MRI scan were used for all analyses.
MRI Assessments
No steroid use was permitted in the 30 days before MRI scans. The MRI protocol was developed at the Sastry Foundation Advanced Imaging Laboratory at Wayne State University. The MRI scan algorithm was tailored to 1.5 or 3 T scanners, with sequences modified to accommodate the brand of MRI scanner. Each site was provided image acquisition and quality control feedback in real time.
Imaging Sequences
Imaging sequences obtained included 3D-T1W spoiled gradient-recalled echo (GRE); pre-and postcontrast T1W spin-echo (SE) or magnetization-prepared-rapid-gradient-echo (MPRAGE) contiguous slices; T2W contiguous slices; fluidattenuated inversion recovery (FLAIR) axial contiguous slices; 1 H-MRS (multivoxel) to estimate total N-acetylaspartate relative to total creatinine (tNAA/tCr) concentrations ( 1 H-MRS assessment was optional); and DTI contiguous slices. Voxel positioning for MRSI acquisition was performed as previously reported. 15 GRE with and without MT radiofrequency saturation pulse (RFSP) was used to evaluate magnetization transfer ratio (MTR). MT images were collected using the same acquisition parameters as conventional T1W and T2W images except for the number of slices. Acquisition parameters (standardized imaging parameters with a dummy run) are summarized in Table 1 .
Image Analysis
Whole brain (WB), GM, and WM volumes were calculated based on tissue segmentation by SPM5 (Wellcome Trust Centre for Neuroimaging, University College London [UCL] Institute of Neurology, London) on 3D-T1W scans. T1W/T2W lesion volumes were measured using a previously described semiautomated edge detection contouring/thresholding technique. 16 
Multivoxel
1 H-MRS images were analyzed using LCModel to estimate tNAA/tCr concentration ratio in an 8×8 multivoxel region of interest (ROI) in the central WM. To determine MT ratio (MTR), MT images were processed (Java Image Manipulation version 3.0) to create an MTR map from two MT images (with and without saturation pulse). Cortical surface thickness was estimated in 3D-T1W images using FreeSurfer (General Hospital Corporation, Boston, MA); tissue segmentation and cortical parcellation were performed with the Desikan--Killiany cortical atlas. Mean diffusivity (MD) and fractional anisotropy (FA) were calculated with DTI Studio (Department of Radiology, Johns Hopkins University, Baltimore, MD). WB DTI maps 
3D-T1W
Slice thickness (mm) 
T1W-Precontrast
Slice thickness The first four patients' scans (in parentheses) were received at the same time. DTI parameters were different from those recommended: mean averages of FA were higher than expected. The site modified MRI parameters as recommended for the remaining patients' scans. WB volume, cm 3 1,307 ± 107 WM volume, cm 3 564 ± 64 GM volume, cm 3 742 ± 87 T1 lesion volume, cm 3 15.8 ± 12.9 T2 lesion volume, cm 3 27.6 ± 20.1 tNAA/tCr 1.88 ± 0.19 EDSS = Expanded Disability Status Scale; FS = Functional Systems; GA = glatiramer acetate. GM = gray matter; tNAA/tCr = total N-acetylaspartate relative to total creatinine; WB = whole brain; WM = white matter.
were created using the B0 image as the reference and obtaining histograms from each map.
Statistical Methods
Descriptive statistics of patient characteristics, EDSS/FS scores, and MRI parameters for the patients with MRS data are included in Table 2 . Because of the different natures of the MRI parameters scales, these variables were standardized for further analysis. Correlations among various MRI measures, and between MRI measures and disability (EDSS, FS, and AI) scores, were assessed using Spearman rank correlation coefficient. Actual MRI values, rather than standardized ones, were used for the Spearman rank correlation coefficient analysis because this method uses ranked values. Univariate logistic regression models were used to analyze the influence of individual MRI measures (WB, GM, and WM volumes; tNAA/tCr; and T1W and T2W lesions volumes) on disability levels defined based on EDSS and pyramidal FS thresholds of two points (<2, lower disability subgroup; ࣙ2, higher disability subgroup), and of three points for pyramidal FS score only. Significance level of 5% was used for the Spearman rank correlation coefficient and univariate logistic regression analyses. Imaging specifications are outlined in Table 1 .
To identify the MRI variables with substantial contributions to the estimation of disability levels using a multivariate analysis, the elastic net variable selection algorithm was applied using a logistic regression setting, which allows covariate selection and model estimation within the same procedure. Moreover, this procedure is designed to accommodate problems in which there is high correlation among covariates and in cases where the dimension of the independent variables surpasses that of the sample size. 17 In addition to the MRI variables, the following covariates were added to this analysis: age at the MRI scan date, MS duration at the MRI scan date, GA exposure at the MRI scan date, and gender. These additional covariates were standardized for the elastic net analysis.
The scaling parameter α of the elastic net algorithm was calibrated between .5 and 1 to minimize simultaneous selection of the extremely correlated variables. To find the best model for the disability outcome estimation, the minimal binomial deviance was assessed using the cross-validation technique with fivefolds. A simulation of the elastic net was run for 1,000 iterations to account for the variability of the estimated coefficient size and the persistency of the variables being selected. Boxplots for the coefficient estimates from these 1,000 simulations are presented for each covariate for each model (Fig 1) . Variable selection persistency was calculated as percentage of cases when a variable was selected by the elastic net. Median values of the coefficient estimates were derived from the simulation, and then used in the further analysis. Percentage contribution for disability level estimation was calculated for each variable as absolute value of a coefficient estimate divided by the total sum of the absolute values of all coefficient estimates.
Area under the curve (with 95% confidence intervals) for receiver operating characteristic curves was calculated for goodness of fit.
Results

Patients
Of the 74 patients remaining in the GA-9004 trial in November 2012, 64 patients (86%) agreed to participate in this MRI substudy, which was conducted at nine clinical sites (Wayne State University, Detroit, MI; University of Pennsylvania, Philadelphia, PA; University of Maryland, Baltimore, MD; University of Utah, Salt Lake City, UT; University of Texas, Austin, TX; University of Wisconsin, Madison, WI; University of Rochester, Rochester, NY; University of New Mexico, Albuquerque, NM; University of Southern California, Los Angeles, CA). Of the 64 patients who participated in the MRI substudy, 1 H-MRS was assessed in 39 patients (61%) at 20 years of treatment; results are presented for these 39 patients. Mean age at MRI scan date was 56.2 years, and mean disease duration was 27.3 years For each correlation, the top number represents the coefficient estimate and the bottom number represents the P value. GMV = gray matter volume; MRS = magnetic resonance spectroscopy (ie, total N-acetylaspartate relative to total creatinine); T1LV = T1 lesion volume; T2LV = T2 lesion volume; WBV = whole brain volume; WMV = white matter volume. (Table 2A) . Mean exposure to daily GA treatment was 19.1 years for MRI substudy participants. EDSS examinations and MRI scans were performed within 1 month of each other for 56 patients (88%) and were conducted >1 month apart for 8 patients. The maximum time interval between EDSS assessment and MRI evaluation was <6 months (171 days). Mean (± SD) EDSS score for all participants was 3.6 ± 2.5. Eighteen patients (46%) had total EDSS scores <3 points, including 13 patients (33%) with EDSS scores <2 points (Table 2B ). Only 11 patients (28%) had reached an EDSS score ࣙ6 points at 20 years on study.
Safety
Safety findings for the 74 patients remaining in the GA-9004 open-label study were consistent with the established safety profile of GA and were mainly related to injection-site reactions. Serious adverse events (SAEs) were infrequent and included chest pain (n = 6, 8%) and back pain (n = 4, 5%).
Correlations among MRI Outcomes
Spearman correlation coefficients determined among the various MRI measures were all in the expected direction (Table 3) . For example, T1W and T2W lesion volumes were inversely correlated with WB, GM, and WM volumes (Fig 1) . Similarly, tNAA/tCr measures were positively correlated with WB volume.
MRI and Disability
The tNAA/tCr concentration ratio showed consistently strong, statistically significant, inverse correlations with total EDSS score, and individual FS and AI scores (Table 4) . This was the strongest correlation between MRI measure and disability scores. WB volume was also significantly correlated with total EDSS score, most individual FS scores, and AI score. In addition, GM volume was significantly correlated with total EDSS score, pyramidal FS score, and sensory FS scores (all P < .05; Table 4), whereas borderline correlation was found for cerebellar FS and AI scores. In contrast, WM volume was not significantly correlated with any disability outcome except for cerebellar FS score.
T1W lesion volume also showed significant correlations with almost all disability outcomes (Table 4 ). In addition, T2W lesion volume had similar correlations with disability outcomes to those observed with T1W lesion volume, aside from borderline results for cerebellar FS and AI.
Estimation of Disability Level Determined by Univariate Analysis
Univariate logistic regression analysis showed that most of the MRI parameters have significant influence on the disability levels ( Table 5 ). The magnitude of the tNAA/tCr effect was consistent across the models and showed 61%, 67%, and 68% significant reductions in the odds of higher disability defined by EDSS score ࣙ2, pyramidal FS score ࣙ2, and pyramidal FS score ࣙ3, respectively, following an increase of one standard deviation in this MRI parameter. Whereas WB volume had a greater effect on disability defined by EDSS score ࣙ2 (81%; P = .0075) when compared to tNAA/tCr, its effect on disability was decreased for pyramidal FS score ࣙ2 (67%; P = .0171) and pyramidal FS score ࣙ3 (46%; P = .1039). Similar to WB volume, the effect of WM volume was dependent on the disability definition and was significant only for estimation of disability defined by EDSS ࣙ 2 (66%; P = .0272). In contrast, GM volume had a significant effect for disability defined by EDSS score ࣙ2 (65%; P = .0278) and by pyramidal FS score ࣙ2 (58%; P = .0404), while borderline effect was seen for pyramidal FS score ࣙ3 (53%; P = .0603). An increase of one standard deviation in T1 lesion volume significantly increased the odds of higher disability by 228% (P = .0284), 242% (P = .0089), and 122% (P = .0345) for EDSS score ࣙ2, pyramidal FS score ࣙ2, and pyramidal FS score ࣙ3, respectively. The effect of the T2 lesion volume was borderline for EDSS score ࣙ2 (136%; P = .0579) and significant for estimation of both pyramidal FS score ࣙ2 (237%; P = .0088) and pyramidal FS score ࣙ3 (132%; P = .0328).
Estimation of Disability Levels Based on Elastic Net Variable Selection Algorithm
The results of the elastic net variable selection algorithm show that the tNAA/tCr concentration ratio has a consistent contribution of 23%, 30%, and 22% to the estimation of the disability levels defined by EDSS score ࣙ2, pyramidal FS score ࣙ2, and pyramidal FS score ࣙ3, respectively (Table 6 ). This MRI parameter was selected in 100% of the cases for each of three models. T1 lesion volume has also shown relatively robust disability estimations with relative contributions of 16%, 32%, and 20% for disability as defined by EDSS score ࣙ2, pyramidal FS score ࣙ2, and pyramidal FS score ࣙ3, respectively. The T1 lesion volume was also selected at high rates of 98% for EDSS score ࣙ2 and 100% for both pyramidal FS scores. Although WB volume had a considerable contribution of 52% to the estimation of disability levels based on the EDSSࣙ2 definition, its weight was substantially decreased for pyramidal FS score ࣙ2 (9%), and it was not associated at all with pyramidal FS score ࣙ3.
T1 lesion volume, WB volume, WM volume, and age were selected for estimation of EDSS score ࣙ2 with contributions of 7% and 2%, respectively. Although some other variables had nonzero selection persistency in this model, such as MS duration (41%), GM volume (16%), and GA exposure (1%), the AI = ambulation index; CT = cortical thickness; EDSS = Expanded Disability Status Scale; FS = Functional Systems; GM = gray matter; T1W = T1-weighted; T2W = T2-weighted; tNAA/tCr = total N-acetylaspartate relative to total creatinine; WB = whole brain; WM = white matter. *P < .05. AUC = area under the curve; CI = confidence interval; EDSS = Expanded Disability Status Scale; FS = Functional Systems; GA = glatiramer acetate; GMV = gray matter volume; OR = odds ratio; T1LV = T1 lesion volume; T2LV = T2 lesion volume; tNAA/tCr = total N-acetylaspartate relative to total creatinine; WBV = whole brain volume; WMV = white matter volume.
coefficient estimates for these parameters were close to zero with zero medians (Fig 1A) . For estimation of the disability levels defined by pyramidal FS score ࣙ2, in addition to tNAA/tCr concentration ratio, T1 lesion volume, and WB volume, MS duration, GM volume, and GA exposure showed relative contributions of 16%, 6%, and 6%, respectively. In this model, there were some variables with nonzero persistency selection that did not have any weight in the disability estimation: T2 lesion volume (49%) and age (30%) (Fig 1B) .
The analytical model of disability levels based on pyramidal FS score ࣙ3 had the highest number of selected variables. In addition to tNAA/tCr concentration ratio and T1 lesion volume, both WM volume and GM volume were chosen with relative contributions of 11% and 7%, respectively. WM and GM volumes had opposite effects on the estimation of the disability levels, ie, coefficient estimates of WM volume are positive, suggesting positive correlation with the disability levels, whereas coefficient estimates of GM volume are negative, suggesting negative correlation with the disability. GA exposure, MS duration, and age have shown relative contributions of 17%, 14%, and 9%, respectively. Although the persistency selection was nonzero for T2 lesion volume (9%) and gender (3%), their coefficient estimates were around zero with median zero values (Fig 1C) . The area under the curve (95% confidence interval) values based on the elastic net algorithm were found to be .88 (.77, .99), .85 (.72, .97), and .81 (.68, .95) when defining disability levels based on EDSS score ࣙ2, pyramidal FS score ࣙ2, and pyramidal FS score ࣙ3, respectively.
Discussion
In this study, we showed that 1 H-MRS data obtained from patients with RRMS who have been followed for two decades can characterize tissue loss that may be associated with clinical disability. Different statistical approaches used in this study have identified tNAA/tCr concentration ratio and T1 lesion volume as robustly associated with disability indicated by EDSS and pyramidal FS score thresholds among MS patients receiving long-term GA therapy. These findings are consistent with previous reports of reduced NAA concentrations correlating with neuronal/axonal dysfunction or loss, consistent with the strong inverse relationships between disability scores and tNAA/tCr concentration in this study. A reduced tNAA/tCr concentration ratio has been found in normal-appearing WM in MS patients versus normal controls. 18 Similarly, a reduced tNAA/tCr concentration ratio has been reported in patients presenting with clinically isolated syndromes (CIS) suggestive of MS and patients with RRMS. 19 In this study, T1W lesion volume was also significantly correlated with disability levels, as shown by EDSS and pyramidal FS scores. This is consistent with previous reports that have shown that patients with active disease and/or greater accumulated disease burden show greater brain volume loss. 20 A relationship between EDSS score and tNAA/tCr concentration ratio or T1 lesion volume has also been reported in other studies in patients with relapsing MS 21, 22 or progressive MS. 22 In patients with RRMS, composite MR scores were strongly correlated with EDSS scores, indicating that multiparametric MR models are potential measures of MS progression. 21 The present study indicates that although WB volume shows a substantial effect on disability measured by EDSS, this effect decreases when using pyramidal FS. In addition, GM volume was more robustly correlated with disability than WM volume, as shown by Spearman's rank coefficient correlation and by univariate logistic models. The elastic net algorithm shows a tradeoff between WM and GM volumes when different definitions of the disability are used; for EDSS score ࣙ2 only, WM volume was selected, and for pyramidal FS score ࣙ2, GM volume was chosen. Although both volumes were selected for pyramidal FS score ࣙ3, GM volume had a negative correlation to disability, suggesting that GM volume has greater influence than WB and WM volumes on disability when a more progressed definition is used.
Our findings are consistent with growing evidence that GM atrophy may be an important indicator of long-term progression of neurologic disability. GM atrophy appears to worsen over the clinical course of MS, increasing from CIS to RRMS to secondary-progressive stages of the disease. 9, 23 In the present study, EDSS scores were surprisingly low (33% of patients had an EDSS score <2; Table 2B), considering their mean disease duration of 27.3 years. Potential explanations for this may reflect putative neuroprotective effects of GA treatment, such as secretion of brain-derived neurotrophic factor (BDNF) by GA-reactive T cells, 24, 25 or insensitivity of the EDSS (and other quantitative scales) to impairment caused by subtle abnormalities, 26 or some combination of the two. Attrition of patients over time is another key factor that may have contributed to this observation. There are limitations associated with the use of EDSS score alone to demonstrate progression, including nonlinearity, artificial reduction of variance in cross-sectional studies, and the short duration of longitudinal studies. 6 T2 lesion volume was determined to not be highly associated with disability levels based on the elastic net variable selection algorithm. This is not surprising given that the range of the scaling parameter .5 ࣘ α ࣘ 1 was chosen to exclude extremely correlated variables within the same model estimation and because T2 lesion volume had a strong correlation with T1W lesion volume (r s = .95), which was selected in all the models.
A key strength of this study is the availability of a unique cohort of patients with MS of long duration using a single DMT, who have been closely monitored for over two decades. This patient cohort constitutes the group of MS patients with the longest prospective follow-up that is currently still being studied. Other strengths include the study's multicenter design and multivoxel imaging.
A surprising finding of our study was the lack of correlations between disability and DTI and WB MTR assessments. WM volume was inversely correlated with MD-DTI, but not with FA-DTI. WB MTR was not significantly correlated with any disability measure. These findings may reflect a limitation of our analysis, namely, the relatively small patient sample, which could influence results of the Spearman correlation analyses.
There are other potential limitations of this study that warrant careful interpretation of the data. It was an open-label prospective cohort, and no baseline scans were performed except in 27 patients at one center when the study initiated in 1991. MRI scans obtained at years 6 and 10 of the study were not available due to lost data, 27, 28 and current imaging sequences included several advanced techniques that were never used previously (including MRS, MTR, 3D-T1W, and DTI). Thus, comparison to prior scans was not possible, preventing longitudinal analysis. Furthermore, there was attrition of patients over time through the loss of poor responders who discontinued, potentially leading to self-selection of patients who did well clinically.
Further research using a combination of functional and structural MRI measures may better elucidate GA effects on pathologic mechanisms responsible for clinical manifestations of MS. Future inclusion of cognitive and spinal cord assessments could potentially provide a more complete picture of the long-term natural history of MS, thereby improving the understanding of disease progression and informing treatment strategies.
